Purpose This phase I study was conducted to evaluate the safety, tolerability, pharmacological properties and biological activity of the combination of the lonafarnib, a farnesylproteintransferase (FTPase) inhibitor, with gemcitabine and cisplatin in patients with advanced solid malignancies. Experimental design This was a single institution study to determine the maximal tolerated dose (MTD) of escalating lonafarnib (75-125 mg po BID) with gemcitabine (750-1,000 mg/m 2 on days 1, 8, 15) and Wxed cisplatin (75 mg/m 2 day 1) every 28 days. Due to dose-limiting toxicities (DLTs) of neutropenia and thrombocytopenia in initial patients, these patients were considered "heavily pretreated" and the protocol was amended to limit prior therapy and re-escalate lonafarnib in "less heavily pre-treated patients" on 28-day and 21-day schedules. Cycle 1 and 2 pharmacokinetics (PK), and farnesylation of the HDJ2 chaperone protein and FPTase activity were analyzed. Results Twenty-two patients received 53 courses of therapy. Nausea, vomiting, and fatigue were frequent in all patients. Severe toxicities were observed in 91% of patients: neutropenia (41%), nausea (36%), thrombocytopenia (32%), anemia (23%) and vomiting (23%). Nine patients withdrew from the study due to toxicity. DLTs of neutropenia, febrile neutropenia, thrombocytopenia, and fatigue limited doseescalation on the 28-day schedule. The MTD was established as lonafarnib 75 mg BID, gemcitabine 750 mg/m 2 days 1, 8, 15, and cisplatin 75 mg/m 2 in heavily pre-treated patients. The MTD in the less heavily pre-treated patients could not be established on the 28-day schedule as DLTs were observed at the lowest dose level, and dose escalation was not completed on the 21-day schedule due to early study termination by the Sponsor. No PK interactions were observed. FTPase inhibition was not observed at the MTD, however HDJ-2 gel shift was observed in one patient at the 100 mg BID lonafarnib dose. Anti-cancer activity was observed: four patients had stable disease lasting >2 cycles, one subject had a complete response, and another had a partial response, both with metastatic breast cancer. Conclusion Lonafarnib 75 mg BID, gemcitabine 750 mg/ m 2 days 1, 8, 15, and cisplatin 75 mg/m 2 day 1 on a 28-day schedule was established as the MTD. Lonafarnib did not demonstrate FTPase inhibition at these doses. Despite the observed eYcacy, substantial toxicity and questionable contribution of anti-tumor activity of lonafarnib to gemcitabine and cisplatin limits further exploration of this combination.
Introduction
Farnesyltransferase inhibitors (FTIs) are a novel class of anti-cancer agents blocking post-translational modiWcation of cellular polypeptides. Farnesylproteintransferase (FPTase) enzymes add a lipophilic farnesyl moiety to proteins, thereby promoting the localization of many cell proliferation proteins, including Ras and Rho, to the cellular membranes, which is necessary for activity [16, 20] . Ras gene mutations, present in over 30% of human cancers, lead to constitutive activation of Ras proteins through multiple eVector pathways such as raf, MAP and phosphatidylinositol-3-activated kinases [36] . As farnesylation is essential for post-translational activation, FPTase inhibition may arrest Ras-dependent tumor proliferation. FTI eVects do not depend exclusively on Ras inhibition: gain of alternate prenylated forms of Rho, such as Rho-B, also inhibit growth, [33] and aVect numerous cellular and downstream signaling events.
Lonafarnib (SCH66336, Sarasar™) is a tricyclic nonpeptidyl, nonsulphydryl {(11R)4[2[4-(3,10-dibromo-8-chloro-6,11-dihydro-5H-benzo [5, 6] cylohepta [1,2b] pyridine-11yl) -1-pyperazinyl]-2-oxoethyl]-1-piperdinecarboxamide)} speciWc, potent, and orally bioavailable competitive inhibitor of FPTase [26] . In vitro, lonafarnib blocks farnesylation of H-ras and K-ras 4B, and blocks anchoragedependent growth of K-ras transformed rodent Wbroblasts at low nanomolar IC50s (1.9, 5.2, and 4.0 nM, respectively), without inhibiting the related geranylgeranyl protein transferase at concentrations up to 50 M [23, 26] . Lonafarnib has a potent in vitro and in vivo activity in nonsmall cell lung cancer (NSCLC), ovarian, breast, pancreatic, bladder, and prostate cancer models [23, 26] . Phase I studies of lonafarnib monotherapy in patients with advanced malignancies demonstrated dose limiting toxicities (DLTs) of diarrhea, nausea, vomiting, anorexia, reversible renal insuYciency secondary to dehydration, neutropenia, thrombocytopenia, and fatigue on the 300 and 400 mg BID schedules, establishing the maximum tolerated dose (MTD) as 200 mg BID or 300 mg once daily [5, 7, 13] . Stable disease (SD) was observed in several tumor types and one partial response (PR) in a NSCLC patient was sustained for 14 months [5, 7, 9, 13] .
Gemcitabine (GEMZAR™) and cisplatin have demonstrated eYcacy in multiple solid tumors, many with Ras mutations, as Wrst-line therapy. Phase III studies have established this combination as a standard Wrst line regimen in advanced NSCLC (similar survival with improved time-toprogression of this combination over other platinum combinations in a meta-analysis) [25, 37] and metastatic urothelial cancers (equivalent response and survival, with lower toxicity, compared to MVAC) [1, 35] . Additionally, a phase III study demonstrated a 26.4% response for the combination without signiWcant increased toxicity, compared to 9.2% with gemcitabine alone, in advanced pancreatic cancer [10] . Activity has also been demonstrated in the phase II setting in relapsed ovarian, [15, 29] recurrent or metastatic nasopharyngeal, [30] and metastatic breast cancers [28] .
Pre-clinical and clinical data support combining lonafarnib with cisplatin and gemcitabine. Lonafarnib is additive to synergistic with chemotherapy due to its cytostatic, proapoptotic, and glycoprotein inhibitory properties [46] . Lonafarnib synergistically enhanced cisplatin chemosensitivity in melanoma, NSCLC, and glioblastoma cell lines [3, 42] . FTIs combined with gemcitabine demonstrated additive cytotoxicity in xenograft models [43] . Clinically, a phase II study of advanced urothelial tract cancer patients treated with second-line lonafarnib and gemcitabine demonstrated no severe hematologic toxicities with a response rate of 32.3% (9 PR, 1 CR) [45] . Another FTI, tipifarnib, combined with gemcitabine and cisplatin was tolerable with nausea, vomiting, fatigue being the most frequent toxicities. Dose-limiting thrombocytopenia and/or neutropenia established the MTD of tipifarnib at 300 mg po BID, gemcitabine 1,000 mg/m 2 day 1, 8 and cisplatin 75 mg/m 2 day 1, every 21 days [2] . High eYcacy (8 PRs: 4 NSCLC, 2 ovarian, 1 bile duct and 1 hepatocellular cancer), and 1 CR (NSCLC) were observed, and correlated with farnesylation inhibition in vivo in patient buccal mucosal cells [2] .
The goals of this study were to determine the safety, tolerability, toxicity proWle and MTD of lonafarnib combined with gemcitabine and cisplatin. Pharmacokinetic (PK), biologic interactions, and surrogate markers of biologic lonafarnib activity, along with preliminary evidence of antitumor activity, were investigated.
Materials and methods

Patient selection
Patients with histologically conWrmed advanced solid malignancies refractory to standard therapy or for whom no eVective therapy was available were eligible for this study, including clinically stable patients with treated intracranial metastases, not requiring steroids and without carcinomatous meningitis. Additional eligibility criteria included: agȩ 18 years; Southwestern cooperative oncology group (SWOG) performance status of ·2; adequate oral/enteral intake with normal gastrointestinal absorption, and adequate hematopoietic, hepatic, and renal function. Patients were excluded if they had major surgery, radiotherapy, chemotherapy, or investigational agents within 4 weeks of study entry, concurrent anti-tumor therapy, previous FTI therapy, concurrent CYP3A4 inhibitors or inducers, or baseline QTc prolongation (>440 ms). Patients who had prior high-dose chemotherapy requiring hematopoietic stem-cell rescue, prior therapy with nitrosoureas and mitomycin C, and radiation to >30% of bone-marrow containing areas were excluded. Informed consent was obtained according to federal and institutional guidelines. Table 2 . Due to substantial DLTs of neutropenia and thrombocytopenia after escalation to third dose level in the initial 14 patients, these initial patients were redeWned as being "heavily pre-treated" (cohort 1) and the protocol was amended to allow enrolment and re-escalation of "less heavily pre-treated" patients on alternating 28-day and 21-day cycle cohorts (cohorts 2 and 3, respectively) until the MTD was deWned in each cohort. Protocol amendments for the less heavily pretreated patients in cohorts 2 and 3 included additional exclusion criteria: patients could not have had >6 cycles of any alkylating agent (excluding oxaliplatin) or >2 cycles of carboplatin (subsequently further amended to >6 cycles before enrollment), prior radiation to >25% of the bone marrow, or have wide metastatic bone disease. Intra-patient dose escalation was not permitted. Subsequent dose level enrollment occurred only after three patients completed one cycle of lonafarnib therapy with laboratory and toxicity assessments. Patients had to complete one cycle of therapy to be evaluable for eYcacy (cycle 2 day 2 of the initial study cohort and cycle 2 day 8 in the amended cohorts). Patients withdrawing for reasons unrelated to drug toxicity prior to one cycle of lonafarnib were replaced.
On day 1, patients received gemcitabine over 30 min followed by cisplatin over 60 min, with hydration and standard anti-emetics (steroids and anti-5HT3 agents) on days when cisplatin and gemcitabine were administered; however, in the original protocol, systemic steroids were not allowed for postcisplatin delayed emesis unless other measures were ineVective. Prophylactic anti-emetics were also not given prior to lonafarnib until the patient experienced >grade 1 nausea/vomiting. Due to severe emesis in cohort 1, the protocol was amended to allow steroids for delayed emesis (up to 8 days post-cisplatin) and prophylactic anti-emetics for lonafarnib for cohorts 2 and 3. Lonafarnib was initially administered with food at 12 h-intervals daily continuously beginning on cycle 1/day 2. However, due to signiWcant nausea and emesis aVecting PK assessments in the initial 14 patients (cohort 1), the protocol was amended to start lonafarnib on day 8 of cycle 1 without breaks through subsequent cycles, in cohorts 2 and 3. A maximum of 6 cycles of cisplatin could be given; responding patients continued with lonafarnib and gemcitabine until study discontinuation criteria were met.
DLT was deWned as: (a) any non-hematologic toxicity grade 3 including grade 3-4 nausea while on optimal anti-emetic therapy or grade 3 diarrhea while receiving an optimal anti-diarrheal regimen; (b) grade 4 neutropenia (ANC <500) >5 days or associated with fever >38.3°C; (c) any grade 4 thrombocytopenia (platelets <25,000/mm 3 ); (d) hemoglobin ·6.5 g/dL; (e) neuropathy ¸grade 2; or (f) treatment delay >4 weeks due to drug-related toxicity. Patients were enrolled in standard 3 + 3 cohorts. The MTD was deWned as the highest dose at which ·1/6 patients experienced DLT through cycle 2/day 1 (Cohort 1) or cycle 2/day 8 (cohorts 2 and 3).
Interval toxicities had to resolve to ·grade 1 before proceeding with a new cycle of therapy. Prophylactic myeloid colony-stimulating factors and/or antibiotics were not permitted. No dose modiWcations were made for grade 1 or 2 toxicities. At the Wrst or second occurrence of grade 3 myelosuppression, subsequent treatment was held until myelosuppression resolved to <grade 1 with dose reductions of one level for gemcitabine and lonafarnib. At the third occurrence of grade 3 myelosuppression, study participation was discontinued. If a dose reduction was required for lonafarnib due to toxicity, pharmacokinetic (PK) sampling for lonafarnib was obtained before the dose reduction (trough concentration 12 h after the last dose) and 2 weeks thereafter. For grade 3 nausea and vomiting or diarrhea, lonafarnib was held until resolution to ·grade 1 then decreased by one dose level. With any grade 4 non-hematologic toxicity, patients were discontinued from study unless they were responding.
For responding patients with clinically signiWcant grade 3 or 4 non-hematologic toxicity, all drugs were held until toxicity resolved to <grade 1, then restarted with the implicated agent(s) reduced one dose level. If the required dose was less than the lowest dose level in each cohort, treatment was discontinued. If subsequent cycles were completed at the reduced dose with ·grade 1 toxicity, reescalation to the next higher dose was permitted. Although all adverse events were noted, adverse events attributable to lonafarnib only were considered in relationship to "study drug".
Clinical assessments
Within 14 days of starting the treatment, a complete history and physical, documentation of weight and performance status, ophthalmologic examination (ocular history, fundoscopy, and slit-lamp), electrocardiogram, laboratory tests, and pregnancy testing were performed. Weekly evaluations of clinical status and laboratory results were graded according to NCI Common Toxicity Criteria, Version 2.0. Baseline radiologic and serum tumor markers were obtained within 28 days of starting treatment, and after every evennumbered cycle, tumor status was re-assessed by WHO criteria.
Pharmacokinetic sampling
The PK eVects of the combination of lonafarnib, gemcitabine, and cisplatin, were assessed independently and during co-administration. Cycle 1 lonafarnib trough blood levels were drawn prior to the morning dose of lonafarnib on days 8, 15, and 22 in the original cohort 1; however, with the amendment starting lonafarnib on day 8 in cohorts 2 and 3, trough levels were obtained only on days 15 and 22 for cohort 2, and on day 15 for cohort 3. Cycle 2 lonafarnib trough levels were drawn at baseline and then at 1, 2, 4, 6, 12, h after the Wrst dose for all cohorts, with additional trough levels drawn for cycle 2 day 15 in cohort 3. Cisplatin levels were collected prior to the morning dose and at 5, 15, 30 min, 1, 2, 4, 6, 24, and 48 h following the end of infusion cycles 1 and 2/day 1 for cohorts 1 and 2. Gemcitabine samples were obtained from cohorts 1 and 2 patients at 5, 15, and 30 min, 1, 2, 4, and 6 h post infusion on cycle 1/ days 1 and 8. Cisplatin and Gemcitabine sampling was not required for Cohort 3.
For determination of plasma lonafarnib and cisplatin concentrations, 3 mL blood samples were collected in sodium heparin tubes. For gemcitabine sampling, 5 mL blood samples were collected in specially prepared heparin Vacutainer ® tubes with tetrahydrouridine (THU). A 10 mg/mL THU stock solution was made by adding 12 mL of sterile water to 10 mg THU, then 0.31 mL of the stock THU solution was added. All tubes were inverted once, immediately placed on ice, and centrifuged at 3,000 RPM £ 15 min at 4°C. Resulting plasma was divided into two aliquots of 0.5 mL, labeled, transferred to cryogenic tubes (NUNC Cryotube™) and immediately stored at ·¡70°C until assayed.
Lonafarnib pharmacokinetic analysis plasma samples were shipped on dry ice to Taylor Technology Inc. (Princeton NJ, USA). Samples for gemcitabine and cisplatin pharmacokinetic analysis were shipped to MDS Pharma Services (St Laurent, PQ, Canada). After thawing plasma samples at room temperature, lonafarnib and gemcitabine concentrations were determined using liquid chromatography tandem mass spectrometry with lower limits of quantitation (linear concentration range) of 5 ng/mL (5-2,500 ng/ mL) for lonafarnib and 10 ng/mL (10-2,500 ng/mL) for gemcitabine. Plasma cisplatin concentrations were determined using atomic absorption assay with a linear concentration range of 50 ng/mL (50-2,000 ng/mL).
Individual plasma concentrations of lonafarnib, gemcitabine, and cisplatin were analyzed using model-independent methods. PK parameters of lonafarnib, gemcitabine, and cisplatin were calculated by non-compartmental methods using Pharsight ® Knowledgebase Server™ Version 2.0.1 with WinNonlin Software Version 40.1 (Pharsight Corporation, Cary, NC, USA). The eVects of a single dose of lonafarnib on gemcitabine and cisplatin PK (C max and AUC 48h ) were assessed by analysis of variance (ANOVA). Similarly, the eVect of gemcitabine and cisplatin on lonafarnib PK (C max and AUC 12h ) was evaluated. All analyses were performed on logarithmically transformed PK parameters using SAS software (Version 6.21; SAS Institute, Inc., Cary, NC, USA).
Biological Studies
Whole blood for FTPase activity was drawn on days 1 and 15 of cycles 1 and 2 in all cohorts from each patient.
HDJ2 surrogate marker detection assay for farnesylation status
Peripheral blood mononuclear cell (PBMC) collection and preparation for HDJ2 assay
Two 8-mL tubes of blood were collected in BD Vacutainer ® CPT™ Cell Preparation Tubes with Sodium Heparin (Becton Dickinson, Franklin Lakes, NJ, USA). Tubes were inverted 8-10 times and centrifuged on a horizontal rotor within 2 h of collection at 1,500-1,800g RCF £ 30 min. After centrifugation, the buVy coat was transferred to a 15-mL conical tube and washed twice in 10 mL phosphate buVered saline (PBS) at 1,500g £ 15 min. The Wnal PBS wash was removed and cell pellets were Xash frozen and stored at ¡70°C until analysis.
Western blot for HDJ2 farnesylation status
Immunoblotting for HDJ2 post-translational processing was performed using previously published methods [8] . The antibody to HDJ2 was KA2A5.6 (Neomarkers, Fremont, CA, USA). The secondary antibody was an antimouse HRP-conjugated antibody (Amersham, Piscataway, NJ, USA). Detection was carried out using ECL Plus chemiluminescent reagents (Amersham, Piscataway, NJ, USA) and ChemiImager 5500 software (Alpha Innotech, San Leandro, CA, USA) was used to quantitate band intensity. Lonafarnib eVects on the farnesylation of HDJ2 were determined by analyzing mobility gel shift comparing processed (44 kD) to the unprocessed form (46 kD). After subtracting background, the black pixels were counted and each band assigned a value proportional to the amount of HDJ2 present. The percentage of unfarnesylated HDJ2 was determined for each time point by dividing each 46 kD band value by the sum of the 46 kD and 44 kD bands. Absolute percentage change in unfarnesylated HDJ2 was calculated by subtracting pre-treatment day 1 from day 15 values.
Ex vivo farnesyltransferase enzyme assay
Peripheral blood mononuclear cell (PBMC) lysate collection and preparation
Five to seven milliliters of whole blood was drawn in sodium heparin tubes, transferred to 15-mL Accuspin Histopaque tubes (Sigma Chemical Company, St. Louis, MO, USA) and centrifuged at 200g £ 30 min. The lymphocyte fraction was isolated, diluted with 10 ml of distilled water, centrifuged at 700g for 10 min, immediately frozen, and stored at ¡80°C.
Scintillation-proximity assay of farnesyltransferase inhibition
Changes in the enzymatic activity of FTPase in PBMC lysates were measured using the Amersham Scintillation Proximity Assay (Amersham Pharmacia Biotechnology) with lamin B peptide substrate (Biotin-YRASNRSCAIM) and [1] [2] [3] H n farnesylpyrophosphate according to the manufacturer's instructions and previously published methods [17] . Three concentrations were assayed (1, 2, and 3 g protein lysate/ L) in triplicate, to ensure assay linearity. Counts per minute for each sample were determined on a Beckman LS1801 scintillation counter (Beckman, Fullerton, CA, USA).
Results
General
Twenty-two patients, whose baseline characteristics are depicted in Table 1 , received 53 courses of lonafarnib, gemcitabine, and cisplatin. Although all 22 patients were evaluable for toxicity, only 16 were evaluable for eYcacy (one patient withdrew due to early progression, two withdrew consent due to toxicity). Nine patients (41%) discontinued therapy due to treatment-related toxicity, while 13 discontinued participation due to disease progression.
Adverse events and dose-limiting toxicities All 22 patients experienced adverse events with the most frequent treatment-related events being nausea (86%), vomiting (86%), and fatigue (77%). Twenty of the 22 patients (91%) developed grade 3/4 treatment-related toxicities including neutropenia (41%), nausea (36%), thrombocytopenia (32%) and anemia (23%) and vomiting (23%). Nine (41%) of the 22 subjects discontinued therapy due to toxicity, with nausea and vomiting as the most common reason for discontinuation: 5 of 14 patients in cohort 1 withdrew due to severe nausea, vomiting, dehydration and malaise, and one patient due to neutropenic fever. All patients were treated at a single institution with standard anti-emetic therapy including systemic steroids on days when cisplatin and gemcitabine were administered; however, systemic steroids were not allowed for post-cisplatin delayed emesis, nor were prophylactic anti-emetics prior to lonafarnib. Due to severe emesis in cohort 1, the protocol was amended to allow steroids for delayed emesis and prophylactic anti-emetics for Cohorts 2 and 3. After the amendment, 3 of 8 patients withdrew due to hematologic (1) and gastrointestinal (2) toxicities. As demonstrated in Table 2 , there were substantial DLTs of neutropenia, neutropenia with fever, diarrhea, and thrombocytopenia in cycle 1 in the second and third dose levels. Initially only one DLT attributable to lonafarnib was observed at Dose Level 2, which prompted a dose expansion to six patients; however, as there were no other DLTs, the dose was escalated to Dose Level 3. As toxicities were high with DLTs in three patients at this dose, the fourth patient was treated at Dose Level 2 instead of the assigned Dose Level 3. Despite being treated at Dose Level 2, this patient developed grade 4 hematologic toxicity. Furthermore, there was severe nausea, vomiting, dehydration and syncopy in one patient at Dose Level 2, and nausea and vomiting in two patients in Dose Level 3 ( Table 2 ). Because lonafarnib could not be absorbed due to emesis in cycle 1, these toxicities were not considered DLT. At Dose Level 1, cohort 1 did not have any cycle 1 DLTs; therefore, lonafarnib 75 mg BID with gemcitabine 750 mg/m 2 on days 1, 8, 15 and cisplatin 75 mg/m 2 on day 1 on a 28-day schedule was established as the MTD.
In Cohort 2 (less heavily pre-treated patients, 28-day cycles), dose-limiting grade 4 thrombocytopenia and neutropenia occurred in two patients at the initial dose level (lonafarnib 75 mg BID, gemcitabine 1,000 mg/m 2 on days 1, 8, 15 and cisplatin 75 mg/m 2 on day 1); therefore, the treatment schedule was closed. In Cohort 3 (less heavily pre-treated patients, 21-day cycles), no treatment-related DLTs were noted in the Wrst two dose levels. Lonafarnib 100 mg BID, gemcitabine 1,000 mg/m 2 days 1 and 8, and cisplatin 75 mg/m 2 day 1 was the highest level examined without DLT prior to study termination.
Hematologic toxicity
Hematologic toxicities for each dose level are depicted in Table 3 . Patients experienced dose-limiting hematologic toxicity regardless of pre-treatment intensity. Absolute neutrophil count (ANC) nadir typically occurred around day 8 or 15; whereas platelet nadirs occurred on day 15, necessitating gemcitabine being held or dose-reduced. Overall, neutropenia occurred in 19 (35.7%) of 53 courses: grade 3 or 4 neutropenia in 15 (28.3%) courses with 60% of severe neutropenia occurring in heavily pre-treated patients. However, on the 28-day schedule, dose-limiting neutropenia was present in two patients, each in the heavily and nonheavily pre-treated cohorts treated with the same doses. Excluding heavily pre-treated patients did not appear to decrease hematologic toxicity. Lonafarnib was only held in one course due to neutropenia. Thrombocytopenia occurred in 30 (57%) of 53 courses. Grade 3 or 4 thrombocytopenia occurred in 15 (28%) of 53 courses, and was dose limiting in one heavily pre-treated patient and two less heavily pretreated patients at the same doses on the 28-day schedule. Dose omissions and reductions due to thrombocytopenia were required in 22 and 21% of cycles, respectively. Anemia occurred in 47% of patients; however, grade 3 and 4 anemia occurred in only 30% of patients and was not doselimiting. Although grade 4 anemia occurred in one less heavily pre-treated patient during the Wrst cycle, it was due to a bleeding esophageal tear secondary to severe chemotherapy-related nausea and vomiting, and was not felt to be DLT as lonafarnib was never ingested. 
Gastrointestinal toxicity
The most frequent gastrointestinal toxicities were moderate to severe nausea (71%), vomiting (49%), and diarrhea (38%); severe grade 3 and 4 nausea (13%), vomiting (11%), and diarrhea (5%), as shown in Table 4 . Mild toxicities included dyspepsia (24.5%), bloating and distension (21%), hypokalemia (17%), dysguesia (13%), and dehydration (13%). Although grade 3 nausea, vomiting, dehydration with syncopy and hypotension were observed in one patient in cohort 1/Dose Level 2, and two patients in cohort 2/Dose Level 6; these were not considered to be dose-limiting, as they were attributed to gemcitabine and cisplatin, as emesis prevented lonafarnib absorption. Due to these gastrointestinal toxicities, the protocol was amended to start lonafarnib on day 8 instead of day 1 in cohorts 2 and 3 in an attempt to separate the eVects of lonafarnib from gemcitabine and cisplatin.
Other toxicities
The predominant non-gastrointestinal, non-hematologic toxicity was fatigue noted in 24 courses (45%); 38% were grade 1 or 2. Grade 3 and 4 fatigue was observed in 7.5% of courses but did not necessitate dose delays or reductions.
Other grade 1 and 2 toxicities included tinnitus (24.5%), sensory neuropathy (15%), arthralgia (13%), visual disturbances, and rash (11% each).
Dose intensity/dose modiWcations
Seventeen (77%) subjects experienced grade 3 or 4 adverse events that limited dose intensity and necessitated modiWcation either by dose reduction or holding doses of gemcitabine on days 8, 15. Although some hematologic toxicity was evident in cycle 1, most hematologic toxicity was cumulative and more dose reductions and delays were evident in later cycles, predominantly on the 28-day schedule. Nine patients (41%) required delays in re-treatment of usually 1-week duration (seven in the 28-day schedule due to hematologic toxicity in later cycles, two in the 21-day schedule unrelated to toxicity), gemcitabine was held at least once (day 8 or day 15) due to neutropenia or thrombocytopenia in 53% of cycles (predominantly in the 28-day schedules). Approximately 22% of 143 planned doses of gemcitabine were held, and 21% of gemcitabine doses were reduced due to hematologic toxicity. Median dose intensity was estimated to be 57% of the planned gemcitabine dose. Lonafarnib doses were held due to neutropenia in one cycle of therapy, and dose reductions were required in four (7.5%) cycles due to nausea, vomiting, or diarrhea. The median dose intensity of lonafarnib was greater than 90% of the planned dose. All cisplatin doses were Wxed and delivered without reduction.
Table 3
Hematological toxicities in all courses attributed to lonafarnib, gemcitabine and cisplatin 
Anti-tumor activity
This study was terminated early by the Sponsor, due to negative interim eYcacy and toxicity results from a phase III randomized study of carboplatin and paclitaxel with lonafarnib versus placebo in advanced NSCLC. Although new enrollment was halted after Dose Level 2 in cohort 3, responding patients were allowed to continue study treatment. Response and eYcacy was determined in 16 of 22 patients: two patients (Cohort 3/Dose Level 6) had conWrmed responses (one R and one PR) and four patients had SD ¸2 cycles.
Both women with conWrmed responses were 39 years old with metastatic breast cancer (ER/PR/Her-2/neu negative and ER/PR/Her2neu positive, respectively), and both patients had received local surgical/radiation therapy followed by adriamycin, cyclophosphamide, and paclitaxel/ docetaxel. The Wrst patient received low-dose gemcitabine and radiotherapy for a local recurrence, before rapidly developing lymph node, chest wall, and lung metastases. On study cycle 1/day 15 gemcitabine was held due to severe neutropenia and thrombocytopenia; however, a clinical and radiologic CR (Fig. 1a) was evident by cycle 3 and sustained to cycle 7, when she was withdrawn from study due to persistent and increasing delays due to neutropenia and thrombocytopenia. The second patient on adjuvant tamoxifen developed recurrent progressive chest wall disease, axillary lymph node and bone metastases treated with various prior regimens incorporating trastuzumab, gemcitabine, docetaxel, capecitabine, geWtinib, and celecoxib. Following cycle 2, a PR chest wall disease resolution and a 72% reduction in the left axillary adenopathy were evident (Fig. 1b) . Despite holding day 15 gemcitabine due to thrombocytopenia in all cycles, PR was maintained until the end of cycle 8.
Four patients with metastatic disease in cohort 1 had SD: one patient with pancreatic cancer was stable for four cycles (Dose Level 1); one patient with thymic carcinoma completed 3 cycles (Dose Level 2) before progressing; one patient with cholangiocarcinoma was stable after 2 cycles (Dose Level 2) but withdrew consent due to nausea, vomiting and dehydration; and one patient with a parotid mucoepidermoid cancer was stable for two cycles (Dose Level 3), before discontinuing therapy due to disease-related dysphagia. Response was not determined in six patients who had no follow-up imaging or had failed to complete >1 cycle. Overall, the response rate was 12.5% with a clinical beneWt rate (PR + CR + SD) of 37.5% in 16 evaluable patients.
Pharmacokinetics (PK)
Although 17 gemcitabine and cisplatin PK analyses were performed, only 11 patients had cycle 2 day 1 lonafarnib PK Table 4 Gastrointestinal toxicities attributed to lonafarnib, gemcitabine and cisplatin proWles performed. With the amended protocol starting lonafarnib on day 8, and allowing anti-emetic prophylaxis in cohorts 2 and 3, more patients were able to ingest the pills for lonafarnib PK analyses. A representative mean plasma lonafarnib concentration versus time proWle is presented in Fig. 2 . Mean trough lonafarnib concentrations were similar on cycle 1/day 8, 15, and 22 and cycle 2/day 15 for each dose, indicating that steady state was attained by cycle 1/day 8 in all cohorts. Lonafarnib trough concentrations range from 123 to 347 ng/mL at 75 mg BID, and from 363 to 958 ng/mL at 100 mg BID (Table 5 ). Mean lonafarnib derived PK parameters were similar between Dose Levels 1 and 2, regardless of gemcitabine and cisplatin doses. The AUC for one patient treated with lonafarnib 100 mg BID with gemcitabine and cisplatin was similar to the AUC for lonafarnib 100 mg BID alone. Despite limited numbers of patients, data suggest that lonafarnib PK were not aVected by co-administration with gemcitabine and cisplatin. Although samples were collected from 17 subjects for both gemcitabine and cisplatin pharmacokinetics, not all samples were collected or analyzed in cycle 2. Plasma gemcitabine concentrations and PK were similar between day 1 (without lonafarnib) and day 8 (with lonafarnib) for each dose level ( Fig. 3a; Table 6 ). Furthermore, AUC values for each subject were similar between day 1 and day 8 (Fig. 3b) , indicating that lonafarnib did not aVect gemcitabine PK. The mean plasma pharmacokinetic parameters of cisplatin, after gemcitabine monotherapy or with lonafarnib are provided in Table 7 . AUC values were used to compare the two treatment cycles. Plasma cisplatin concentrations were similar between cycle 1 (without lonafarnib) and cycle 2 (with lonafarnib) for each dose level and were similar for all dose levels at the same cisplatin dose, regardless of lonafarnib and gemcitabine doses (Table 7 ; Fig. 3c ). The AUC for each subject was slightly higher in cycle 2 than cycle 1; however, the diVerence was not clinically signiWcant (Fig. 3d) . Overall, lonafarnib did not aVect cisplatin PK.
Biological studies
Samples for pharmacodynamic (PD) marker analysis of FTPase inhibition were obtained for all 22 subjects; however, only 17 subjects were evaluable for HDJ-2 determination (four subjects had only a baseline sample submitted and one patient had no detectable HDJ-2 protein in the post-baseline sample).
Immunoblotting of HDJ2 farnesylation status
Two patients treated with lonafarnib 100 mg BID had observable HDJ-2 gel changes. In cycle 2 after administration of lonafarnib, there was a decrease in the biochemical activity and a >10% measurable shift of HDJ-2, indicating activity in one patient. This eVect is not conclusive due to small patient numbers, and intra-patient variability. The biological activity of lonafarnib appears to be low or underestimated in this study. Samples taken from patients treated at 75 mg BID did not demonstrate shift of HDJ-2 status, indicating a probable lack of PD eVect.
Scintillation-proximity assay (SPA) of farnesyltransferase inhibition
In 17 evaluable patients, a trend was noted in the percent change of FTPase inhibition: following treatment with lonafarnib, with greater inhibition of FTPase as measured by SPA in the 100 mg BID doses (Fig. 4b) rather than the 75 mg BID doses (Fig. 4a) . Due to wide inter-and intrapatient variability, there were no statistically signiWcant Wndings, and no signiWcant conclusions could be drawn.
Discussion
Lonafarnib has demonstrated nanomolar potency, competitively inhibiting FTPase in preclinical models and three published phase I monotherapy studies have deWned its toxicities, MTD, and anti-tumor activity [2, 7, 13] . In vitro, lonafarnib is synergistic with cisplatin and additive with gemcitabine [3, 27, 43] . Clinically, lonafarnib and gemcitabine demonstrates eYcacy (two PRs and one minimal response) in pancreatic cancer [9] and urothelial cancer (9 CR, 1PR in 33 patients) [45] . This study was designed to establish the dose for further study in gemcitabine and cisplatin active malignancies with potential Ras mutations such as NSCLC.
In this study, gemcitabine and cisplatin with lonafarnib was not well-tolerated: frequent myelosuppression, gastrointestinal toxicity, malaise, anorexia, and fatigue, prompted 9 out of 22 patients to discontinue study participation. Thrombocytopenia limited the ability to give day 15 gemcitabine in >50% of patients. Limited results from the PK studies did not indicate any parameters or interactions that would predict these toxicities. Gemcitabine and cisplatin alone have substantial grade 3/4 toxicities: gemcitabine (1,000-1,250 mg/m 2 weekly) and cisplatin (60-100 mg/m 2 day 1 q21 or q28 days) in advanced untreated NSCLC, previously treated breast and ovarian cancers: 12-57% neutropenia, 16-52% thrombocytopenia, 20 and 25-32% nausea and emesis [15, 19, 25, 28, 29, 37] . The hematologic toxicity in our phase I study population was much higher, with 91% of patients previously treated with a median of 3.5 prior chemotherapy regimens. Most of the high hematologic toxicity limiting lonafarnib dose escalation is attributed to cisplatin and gemcitabine; the degree of lonafarnib contribution to these toxicities is not known. The substantial gastrointestinal toxicity following gemcitabine and cisplatin was due to inadequate anti-emetic therapy in cohort 1, as corticosteroids for delayed emesis and prophylactic anti-nauseants were not allowed. Cisplatin is highly emetogenic (>90% of patients suVer emesis without anti-emetics); patients had diYculty recovering from cisplatin-induced emesis without prophylactic anti-emetics and lonafarnib induced worsening nausea. When the antiemetic protocol was amended in cohorts 2 and 3, nausea and vomiting severity was reduced (only one grade 3 incidence) in these patients in all cycles.
By intent-to-treat analysis, the patient assigned to Dose Level 3 who actually treated at Dose Level 2 and developed hematologic DLT would have established the MTD at Dose Level 2, since the DLT would have been attributed to the assigned Dose Level 3. However, analysis of the seven patients actually treated at Dose Level 2 revealed two DLTs, and one patient with grade 3 and 4 gastrointestinal toxicities not considered DLT (unrelated to lonafarnib), which were not clinically tolerable. Therefore, based on the actual doses patients received and their Wrst cycle toxicities, Dose Level 1 (lonafarnib 75 mg BID, gemcitabine 750 mg/m2 day 1, 8, 15 with cisplatin 75 mg/m2 day 1 q28 days) was established as the MTD. Unfortunately, the MTD was not tolerable for continuous subsequent dosing: gemcitabine was held for six doses in the seven cycles (21 doses) of therapy and was reduced twice for hematologic toxicity in three patients. Dose reductions of gemcitabine were frequent, and over 50% of patients did not receive day 8 or 15 on the 28-day schedule. Despite the study closing early without establishing the MTD for the 21-day schedule (cohort 3), it appeared better tolerated: there were no DLTs and gemcitabine was only held for three doses of nine cycles (18 doses) in Wve patients, with only two dose reductions. Therefore, lonafarnib 75 mg BID, gemcitabine 750 mg/m2 day 1, 8 with cisplatin 75 mg/ m2 day 1 q 21 days would be the recommended dose for further studies. However it is of concern that these doses are lower than clinically established eYcacious doses for gemcitabine and cisplatin [1, 10, 25, 35] . Systemic exposure (C max and AUC last ) to gemcitabine and cisplatin did not appear inXuenced by concomitant administration of lonafarnib 75 mg or 100 mg BID. A phase II study of lonafarnib with gemcitabine in urothelial cancers supports that lonafarnib does not aVect gemcitabine PK [45] . Mean trough plasma concentrations of lonafarnib 75 mg BID, in combination with gemcitabine, (123-347 ng/mL) were similar to previous clinical trials with lonafarnib [5, 7, 9, 13] . Minimal lonafarnib plasma concentrations (C min ) at the MTD of 75 mg BID in this study did not reach preclinical target concentrations (>1 M) to inhibit Ras and critical protein farnesylation and to inhibit tumor growth; [6, 26, 39, 44] however, they were achieved with 100 mg BID doses, which is consistent with other reports [2, 7, 13, 39] .
Moreover, patients who were treated with lonafarnib 75 mg BID did not demonstrate a shift in HDJ-2 activity, indicating a negative PD eVect with low biochemical activity of lonafarnib; whereas, the two patients treated with lonafarnib 100 mg BID showed a detectable level of unfarnesylated HDJ-2 at baseline, with one of these two patients demonstrated >10% increase in unfarnesylated HDJ-2 over pre-treatment, indicating biological activity. The HDJ-2 chaperone protein should undergo mobility shifts when FTPase is inhibited and is a validated sensitive marker of FPTase inhibition at lonafarnib levels >6.25 nM [4] . Yet no anti-tumor responses were observed at lonafarnib 100 mg BID; while they were noted at 75 mg BID, bringing into question the PD predictability of the assay in this study or possibly indicating that the anti-tumor response were due to chemotherapy alone. Data from the SPA FTPase ex vivo assays were insuYcient to clarify the HDJ-2 gel Wndings; enzyme assays generally underestimate 
the degree of FTPase, [4] and small sample numbers, interand intra-patient variability rendered these studies inconclusive. An immunohistochemical assay of prelaminin A accumulation in buccal mucosa cells has been a sensitive PD marker of FTI in other phase I studies, and may help to clarify biological results [2, 4] . Despite phase I clinical studies determining the MTD of lonafarnib to be 300 mg daily or 200 mg BID alone, [5, 7, 13] these dose levels could not be achieved in this study due to excessive toxicity. When lonafarnib was combined with gemcitabine, hematologic and gastrointestinal DLTs limited the doses of lonafarnib and established the MTD as lonafarnib 150 mg q am, 100 mg q pm with 1,000 mg/m 2 gemcitabine days 1, 8, and 15, q28 days [9] . When the feasibility of these doses was tested in the phase II setting of 33 patients with urothelial cancers, this combination was tolerated and eYcacious with a response rate of 32.3% (nine PRs and one CR) [45] . However, the dose intensity of gemcitabine was 75.5% and in the 33 patients, grade 3 toxicities were observed: neutropenia (18%), thrombocytopenia (18%), anemia (27%), fatigue (30%), diarrhea (12%), and nausea and vomiting (10% of patients) indicating that there is additive hematologic and gastrointestinal toxicity when lonafarnib was combined with gemcitabine [45] . This eVect is even more pronounced when combined with platinum-based combinations with higher inherent hematologic and gastrointestinal toxicity.
Another FTI, tipifarnib, combined with gemcitabine and cisplatin could be delivered with adequate tipifarnib levels for activity [2] . Tipifarnib has higher FTI activity than lonafarnib in vitro (0.45-0.57 vs. 4.9-7.8 nM IC50s in human and bovine assays, respectively), with approximately 5-10 fold higher potency in Ras processing assays over lonafarnib in human cancer cell lines [17, 18, 39 ]. Tipifarnib's higher FTI potency and perhaps improved therapeutic index may allow better dose-escalation to active FTI doses in combination with chemotherapy than lonafarnib. Dose-limiting thrombocytopenia and/or neutropenia established the MTD of tipifarnib at 300 mg po BID, gemcitabine 1,000 mg/m 2 day 1, 8 and cisplatin 75 mg/m 2 day 1, every 21 days [2] . High eYcacy [eight PRs (four NSCLC, two ovarian, one bile duct and one hepatocellular cancer), and one CR (NSCLC)] was observed, and correlated with farnesylation inhibition in vivo in patient buccal mucosal cells at these tipifarnib doses [2] . However, frequent severe nausea, vomiting, and myelosuppression occurred in the ten patients at the MTD despite excluding heavily pre-treated patients: two patients had dose limiting neutropenia and thrombocytopenia in cycle 1 and in subsequent cycles required a dose reduction of 25-30% of all drugs, and nine patients required gemcitabine and cisplatin dose reductions due to severe nausea and vomiting and fatigue. Therefore for chronic administration, tipifarnib at 300 mg BID with £ 14 days, gemcitabine 750 mg/m2 day 1, 8 and cisplatin 60 mg/m2 day 1 on a 21-day schedule was recommended instead of the MTD. Of note, these doses were also signiWcantly lower than the standard eYcacious gemcitabine and cisplatin doses in clinical use [11, 12, 25, 38, 41] . As the 21-day schedule of gemcitabine and cisplatin appears to have much less hematologic toxicity and is more tolerable; from the beginning, our study should have assessed a 21-day schedule rather than the 28-day schedule, excluded heavily pre-treated patients, and explored a discontinuous dosing schedule to decrease cumulative toxicity to make this therapy more "deliverable."
Gemcitabine and cisplatin have demonstrated response rates of 29-62% in previously treated advanced breast cancer patients in the phase II setting; however, a high incidence of thrombocytopenia (up to 32%) was observed necessitating gemcitabine dose reduction [14, 22, 40] . The two responding breast cancer patients in this study were heavily pre-treated with prior chemotherapy but neither had any prior cisplatin, and the patient with a CR did not receive prior gemcitabine. As both gemcitabine and cisplatin are active in previously treated breast cancer, it is possible that lonafarnib did not contribute to the anti-tumor eVects, as target concentrations were not reached. However, there may be other unmeasured chemotherapy or antitumor modulating eVects. Lonafarnib is synergistic with cisplatin and additive with gemcitabine in vitro, and active against breast carcinoma xenografts [31, 32, 42] . FTIs alone are clinically very active in breast cancer [21] : a phase II study of tipifarnib dosed continuously in 76 advanced breast cancer patients demonstrated 4 PR and 6 SD lasting >24 weeks, and when dosed for 21 out of 28 days, 5 PRs and 3 prolonged SD were noted in 35 patients [21, 24] . Therefore, further exploration of lonafarnib and other FTIs with chemotherapy in breast cancer may be warranted. This combination was originally planned to be taken forward in NSCLC, but this study was terminated early due lack of eYcacy and survival beneWt and high toxicity in a Phase III study of lonafarnib, paclitaxel, and carboplatin in advanced NSCLC [39] . Lonafarnib may increase nausea, vomiting, neutropenia and thrombocytopenia in combination with chemotherapy [9, 34, 45] and these toxicities prohibit achieving eYcacious lonafarnib target FTPase inhibitory levels. Therefore, pursuing lonafarnib combination therapy with chemotherapy doublets, particularly platinums with high gastrointestinal and hematologic toxicities proWles, is of questionable value.
